Background. Though invasive aspergillosis (IA) complicates care of up to 13% of patients with immunocompromise, little is known about its morbidity and mortality burden in the United States.
Although invasive aspergillosis (IA) occurs infrequently among immunocompetent individuals, it remains a major issue in the care of patients who have undergone either stem cell or solid organ transplantation, with the prevalence over 10% in select populations [1] [2] [3] [4] [5] [6] [7] . There are few broadly generalizable data available on the current morbidity and mortality burden from IA hospitalizations in the United States. One analysis based on a national sample of all US hospitalizations from >2 decades ago indicated that IA-associated mortality neared 20% [8] . However, few large analyses, if any, have examined this issue in more recent years. Furthermore, and underscoring the burden of IA, that analysis estimated that the national costs related to IA hospitalizations topped $600 million.
Such older estimates regarding outcomes related to IA require reassessment. Much has changed in the last 20 years, in terms of IA prevalence and severity, its underlying associated conditions, and its treatment. Several reports suggest that IA has increased in prevalence, a phenomenon most likely due to several factors, including improved diagnostics, an overall escalation in the use of immunosuppressive therapies, and an increased number of organ transplantations performed in recent decades [9] [10] [11] . Given the expanded spectrum of disease severity among patients now eligible for aggressive immunosuppressive treatments, and newer treatment options for IA, it is unclear what these countervailing factors imply for outcomes associated with IA. Therefore, to derive more recent estimates of the prevalence and costs related to acute hospitalizations associated with IA, we examined a nationally representative sample of patients admitted to acute-care hospitals in the United States with a diagnosis of IA.
METHODS

Study Design
We performed a retrospective cohort study to explore the epidemiology and outcomes of hospitalizations with IA in the United States. The outcomes of interest were hospital mortality rate, length of stay (LOS), costs, and 30-day readmission rate. database of inpatient hospitalizations, which can be used to derive nationally representative estimates of hospital inpatient stays. (For more information on the NIS database, see https:// www.hcup-us.ahrq.gov/nisoverview.jsp.) The NIS consists of a stratified sample of hospital discharge records from approximately 1000 participating facilities, representing about 20% of all acute-care hospitals in the United States.
The unit of reporting in the NIS database is a hospital discharge. The database includes data on patient demographics, diagnoses, and procedures and in-hospital mortality rates, as well as hospital charges and LOS for each discharge. Additional data files, linkable to discharges in the NIS database, provide data on hospital characteristics, illness severity measures, and cost-to-charge conversion coefficients for each individual institution in the database. Complex survey methods exist to develop national and regional estimates for conditions addressed in the database. The Agency for Healthcare Research and Quality undertakes an assessment of completeness and data quality, and documentation is provided with the data set. Data quality checks are limited to logical issues (eg, birth date precedes age at hospital admission; excessively low total charges or long LOS; age <10 or >55 years on a maternal record; mixed neonatal and maternal records). No chart reviews are undertaken by the Agency.
Because the NIS does not report 30-day readmission rates, we relied on data in the State Inpatient Databases (SID), also part of the Health Care Utilization Project, from 4 geographically diverse US states (California [available only for 2009-2011] , Florida, Iowa, and New York) for 2009-2013. Although these databases are similar to the NIS, they are confined to the individual states. However, it is possible to identify readmissions owing to the way individual patients are tracked within the state, provided that they occurred within the same state and year as the index hospitalization.
Case Identification
IA hospitalizations were identified using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes 117.3, 117.9, and 484.6, shown to be sensitive in detecting IA [12] . We used ICD-9-CM codes, procedure codes, and diagnosis-related groups to identify discharged patients at high risk for IA [13, 14] (see Supplementary Material). These categories were as follows: stem cell transplant, solid organ transplant, critical illness (including mechanical ventilation, trauma, sepsis), major surgery, mild-to-moderate immunocompromise (includes renal disease, lupus and a variety of blood disorders), severe immunocompromise (including leukemia, lymphoma, and chemotherapy), and other (including pneumonia, chronic obstructive pulmonary disease, and human immunodeficiency virus infection). Discharges falling outside these definitions were excluded from analyses.
Outcome Variables and Follow-up
Hospital mortality rate served as the primary end point of the study. As secondary outcomes, we analyzed hospital LOS in days and hospital costs in US dollars. In the SID analysis only, we examined 30-day readmission rates among survivors of the index hospitalization. The groups were followed up until discharge from or death in the hospital. For the 30-day readmission, survivors of the index hospitalization were followed up for another 30 days.
Statistical Analyses
We conducted the following analyses in the NIS, and repeated them in the SID data with the addition of the 30-day readmission outcome. We compared hospital mortality rates, LOS, costs and 30-day readmission rates among all high-risk discharged patients with concomitant diagnosis of IA and those without IA (non-IA). We examined demographic, clinical, hospital, and discharge characteristics in these groups. Means (with standard deviation) and medians (with interquartile range) were calculated for continuous variables, and counts and proportions for categorical variables. All statistics took the weighted nature of the data into account. Continuous variables were compared between the 2 groups using Student t or the Wald tests, and categorical variables using χ 2 tests. All inferences were 2 tailed.
Statistical significance was defined as P values <.05.
To adjust for confounding in all outcomes, we developed a single propensity score using a probit regression model with IA status as the outcome based on patient demographics (age, race, sex), patient type (urgent, emergent elective, trauma), admission source, weekend admission status, comorbid conditions (based on the Elixhauser classification [15] ), number of discharge diagnoses and procedures, the defined high-risk groups, and hospital characteristics (hospital size, location, teaching status, and urbanicity). Propensity score matching was conducted using a greedy 5:3 digit algorithm [16, 17] . The covariates in the propensity regression model were compared after matching to see if they were significantly different, and standardized differences between covariates by IA status were also derived. Covariate balance was a priori determined to exist if all covariates were nonsignificantly different after matching (P < .05) or, if they were significantly different, the standardized difference was <0.1.
For mortality and 30-day readmission outcomes, we constructed a weighted conditional logistic regression model on the matched pairs, with the predictor being IA status. As a sensitivity analysis, we repeated the analysis using logistic regression for all patients who met our study criteria, incorporating all the predictors used to estimate the propensity of IA along with a new variable denoting IA status. In this sensitivity analysis, we examined both spline terms for age and clinically plausible interactions during the construction of the logistic regression model. The model fit was assessed with the Hosmer-Lemeshow goodness-of-fit for model calibration and the area under the receiver operating curve for model discrimination.
For the continuous outcomes of LOS and hospital costs, the method was repeated after taking into account the continuous nature of the outcomes. Namely, a weighted linear regression model on the matched pairs was constructed as the principal analysis. As a sensitivity analysis, generalized linear models were used on all patients who met our study criteria with the covariates in the propensity score along with a variable for IA status. Because the continuous outcome data were skewed, a logarithmic link was used, along with a gamma distribution to improve model fit. Statistical analyses were performed using Stata/MP software (version 13.1 for Windows; StataCorp).
We report in detail the NIS findings since the SID analyses were done largely to explore the 30-day readmission outcome (unavailable in the NIS) and to confirm the findings observed in the NIS data set. Consequently, the details of the SID-based cohort can be found in the Supplementary Material.
RESULTS
Among a total of 148 533 858 patients discharged from years 2010 through 2013 in the NIS database, 66 634 683 met the study inclusion criteria, of whom 154 888 (0.2%) had a diagnosis of IA ( Figure 1 ). The baseline characteristics of the 2 groups are shown in Table 1 . The discharges were spread evenly across the 4 years of the study period in both IA and non-IA groups. Although the mean ages (and standard deviations) in the 2 groups were similar, the small difference was statistically significant (P < .001), owing in part to the large sample size. Patients with IA were more likely to be male (50.9% in the IA vs 46.7% in non-IA group; P < .001) and African-American (15.3% vs 12.5%; P < .001) ( Table 1) .
As expected, there were significant differences between groups in terms of high-risk condition distributions ( Figure 2 ). For example, the most common reason for identification as high risk in the non-IA group was major surgery (50.1%), whereas in the IA group it was critical illness (41.0%). Stem cell transplant (0.3%) and mild-to-moderate immunocompromise (2.5%) were the least likely criteria for being high risk in non-IA and IA groups, respectively. The burden of both chronic conditions (median number of Elixhauser comorbid conditions [interquartile range], 3 [1] [2] [3] [4] [5] in non-IA vs 4 [3] [4] [5] [6] in IA group; P < .001) and the number of procedures done during hospitalization (median, 2 [1-3] vs 3 [1-6], respectively ; P < .001) was higher in the IA than in the non-IA group. Geographically, the plurality of all discharges occurred in the Western region in both groups. Despite the statistically significant differences, there were no clinically notable differences between regional contributions to the IA and non-IA groups (Table 1) . Although urban teaching hospitals provided the bulk of discharges in both groups, the proportion coming from this type of institution in the IA group was higher than in the non-IA group (59.4% vs 48.4%, respectively; P < .001, Table 1 ). Larger hospitals were more likely than smaller ones to contribute IA cases ( Table 1) .
The unadjusted outcomes for non-IA and IA groups are shown in Table 2 . The hospital mortality rate among patients with IA (14.1%) was 4-fold higher than in the non-IA group (3.4%; P < .001). Similarly, there were large differences between groups in the LOS, hospital charges, and costs, with each being 2.5-4 times higher in the IA than in the non-IA group (Table 2) .
Except for a handful of characteristics, propensity matching of 154 081 IA discharges (99.5%) eliminated intergroup differences (Table 3) . Even where the differences remained statistically significant, no standardized difference was >0.034. High-risk conditions include stem cell and solid organ transplants, severe immunocompromise (leukemia/lymphoma, chemotherapy, other immune disorders, and long-term steroid use), critical illness (trauma, septicemia, necrotizing fasciitis, intracranial hemorrhage, and mechanical ventilation for ≥96 hours), mild-to-moderate immunocompromise (end-stage renal disease or hemodialysis, lupus, malignant solid tumors, diabetic ketoacidosis, and blood disorders), major surgery, and other conditions (pneumonia, chronic obstructive pulmonary disease, and human immunodeficiency virus infection). Abbreviations: HCUP, Health Care Utilization Project; IA, invasive aspergillosis; NIS, National Inpatient Sample. The results from the SID analyses revealed similar findings and outcomes by IA status compared with those seen in the NIS (Supplementary Material). The propensity-adjusted 30-day readmission rate was higher in the IA than in the non-IA group (18.0% vs 13.7%; P < .001). In a logistic regression, IA was associated with significantly higher odds of readmission within 30 days (odds ratio, 1.39; 95% CI, 1.34-1.45), relative to no IA.
DISCUSSION
We demonstrate that IA remains a rare event among patients hospitalized in the United States, even in the presence of a highrisk condition. At the same time, IA adds substantially not only to the risk of death, but also to the expenses of hospitalization. Namely, IA contributes 6 additional days, and >$15 000 in additional costs, per case. Furthermore, a diagnosis of IA is associated with a significant increase (approximately 40%) in the odds of a 30-day rehospitalization among survivors.
Few current data are available on the clinical and economic outcomes of hospitalizations involving IA. A study using 1996 NIS data provides the most generalizable results on the outcomes we evaluated [8] . Compared with the findings from that earlier study, we document a marked rise in the prevalence of IA among patients undergoing acute hospitalizations. Although 1996 saw approximately 10 000 IA hospitalizations, our data suggest a quadrupling of this volume, with the attendant increase in the incidence from 3/10 000 to 10/10 000 discharges overall. At the same time, crude mortality has dropped from 19% to 14%, and excess LOS and costs have also fallen from 12 to 6 days and from $51 000 to $15 000 per admission, respectively [8] .
It is precisely this drop in hospital utilization that seems responsible for the overall stability of total national costs for IA hospitalizations at $600 million in the face of a dramatic rise in prevalence. That is, although the incidence of IA has increased, outcomes for these patients seem to have improved substantially. Consequently, the net total economic burden has probably fallen when one incorporates the impact of healthcare inflation, because our findings are reported in nominal dollars. As mentioned above, it is important to reiterate that the increase in the volume of IA may be due to improved diagnostics, an overall escalation in the use of immunosuppressive therapies, and an increased number of organ transplantations performed in recent decades [9] [10] [11] .
Our finding of an approximate 40% increase in the odds of 30-day readmission associated with IA represents a novel and important observation, particularly in the context of current cost-containment efforts and dwindling hospital reimbursements. The passage of the Affordable Care Act created the Hospital Readmission Reduction Program, under which the Centers for Medicare and Medicaid Services (CMS) is mandated to help reduce hospital readmissions for select conditions [18] . Although the initial focus of the program was on acute myocardial infarction, congestive heart failure, and pneumonia, the list of conditions has been expanding over time and is expected to continue to do so [18, 19] . Under this regulation, hospitals incur reimbursement cuts if their readmission rates exceed those expected. Although IA is not included on the most recent list of conditions under CMS scrutiny, it is very likely that patients with IA require readmissions for many of the conditions already tracked by the CMS. Thus, hospitals may suffer financial punishment simply for caring for an increasingly complex cohort of patients. This further reinforces the imperative to focus on preventive efforts for IA.
Our study has a number of strengths. Because we relied on a large nationally representative sample of high-risk discharges, our results are broadly generalizable to all US hospitals. Although the data supporting the examination of 30-day readmission rates among patients discharged alive after an IA hospitalization are limited to 4 states, the states were chosen based on their geographic diversity, which increases the generalizability of the findings [20] . In addition, the sample size and number of covariates in the data set allowed us to adjust for confounding in a statistically rigorous manner. It is also important to stress that no other systematic information exists regarding the risk for readmission in persons with IA.
At the same time, our analysis suffers from a number of potential limitations. First, we relied on administrative codes, and not on clinical data, to identify both the high-risk groups and IA. This may predispose our case definitions to errors of misclassification, though methods similar to ours have been used successfully in both high-risk patients and IA [8, 12, 14] . Findings from another study, however, indicate that the IA ICD-9-CM codes are prone to overestimate the prevalence of IA [12] . This type of misclassification would be expected to reduce the observed differences between IA and non-IA groups. Consequently, IA may indeed have an even greater impact on the outcomes than we were able to detect. This idea is supported by the fact that studies relying on clinical definition for IA consistently report higher associated mortality rates [21] .
Second, because of the cross-sectional nature of the data set, it was not possible to ascertain the temporal connection between the high-risk condition of interest and IA. Third, because we were unable to pinpoint the time of onset of IA, the disparities in the adjusted hospital LOS and costs cannot be directly associated with IA itself; that is, it is possible that at least some of the increase in the LOS (and related costs) in the IA group was a risk factor for, rather than a consequence of, IA. At the same time, at least some of the adjusted LOS and cost differences are likely to be directly attributable to IA, because nosocomial complications in general are known to affect LOS and costs. Moreover, it is reassuring that propensity matching greatly reduced confounding from the variables in the database between comparator groups.
Fourth, no treatment information is available in the current data set, so we were unable to explore its potential impact on the outcomes. Specifically, we cannot stratify by the timing of treatment onset or by the specific options used. Fifth, though we note a dramatic reduction in the IA-associated LOS compared with prior studies, our analysis reflects only acute-care hospitalization, excluding any downstream expenses associated either Factor not matched on because it was defined based on the exposure of interest. with chronic care facility or home health care. Given advances in the continuum of healthcare delivery since 1996, it is likely that some of the expenditures in the older estimates include the chronic care days that are missing from the current acute-care data set. Sixth, it is not possible to differentiate in the NIS database initial versus repeated hospitalization. Because the patients who require readmission may differ systematically from those who do not, this may be a source of potential bias. However, given that SID analyses, in which readmissions can be differentiated from index hospitalizations, broadly confirmed the associations noted in the NIS data, this is not likely to present a significant threat to validity. Finally, as in any cohort study, residual confounding is a risk due to unmeasured variables not found in this database, although our propensity scores were based on a large number of covariates.
In summary, although rare even among high-risk groups, IA is associated with high hospital mortality rates, excess duration of hospitalization, and a 40% relative increase in the odds of 30-day readmission. Given nearly 40 000 annual IA admissions in the United States, at an excess cost of $15 000, the aggregate IA-attributable excess costs in the United States may reach $600 million annually.
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